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ESTABLISHMENT  OF  AEROGENICALLY  TRANSMITTED  VIRUSES  _ 
EXPERIMENTS  ON  SEDIMENTATION  OF  VIRUS  IN  AEROSOLS 


Zcnt.  alblatt  fur  Bakteriologie,  Parasitenkunde. 

Infcktlonskrankhcitcn  und  Hygiene 

(Central  Bulletin  of  Bacteriology,  Parasitology, 

Infectious  Diseases,  and  Hygiene) 

Vol  201,  No  3,  Nov  1966,  pp  273-301.  Jakob  Petmezakis 


Hospitalism,  its  causes  and  its  control,  confront  scientists  dealing 
with  this  topic  with  some  rather  difficult  problems.  The  exploration  of  tha 
manner  in  which  viruses  are  spread,  particularly  the  study  of  aerogenous 
transmission,  is  particularly  important  here. 

.  i> 

At  the  International  Symposium  on  Smallpox  Vaccination,  Iyon,  1962, 
NacCallura  tried  to  discuss  and  clarify  the  problems  of  smallpox  virus  coin- 
muni  cation  at  the  smallpox  stations  as  such  and  in  the  closer  and  broader 
vicinity  of  hospitals;  ho  thought  that  the  escape  of  virus-containing  aero¬ 
sols  through  the  windows  plays  a  great  role  here.  Ke  quoted  the  investiga¬ 
tions  of  Power  (I885)  who  systematically  checked  1,000  houses  in  the  vicin¬ 
ity  of  a  smallpox  hospital  and  who  discovered  the  typically  graduated  occur¬ 
ence  of  smallpox  casoc;  the  origin  theories  on  the  communication  of  this 
disease  through  the  air  are  based  on  this.  But  not  even  KacCallum  could  be 
sure  of  his  explanation  as  to  the  way  in  which  smallpox  can  be  communicated 
near  hospitals  cr  whether  thi°  was  just  an  accidental  infection.  In  his 
opinion,  however,  we  can  be  sure  that  infectious  aerosols  do  develop  in 
smallpox  wards  and  these  aerosols  can  spread  through  the  air.  He  indicated 
that  very  careful  and  thorough  investigations  are  required  to  answer  this 
quostion. 

This  problem  became  particularly  important  as  a  result  of  the  out¬ 
breaks  of  smallpox  in  1961  and  1962  in  North  Rhine-Westphalia  ( Lamraersdorf- 
Simmerath,  Kreis  Monschau).  In  this  connection,  Anders  (1963)  reported 
that  a  9-year  old  girl  supposedly  became  sick  due  to  infection  through 
coughing  because  she  was  20  meters  away  from  sick  persons  inside  the  hos¬ 
pital. 


It  is  my  purpose  here  to  investigate  the  dynamics  of  an  infectious 
aorosol  and  to  obtain  a  more  accurate  idea  as  to  the  mechanism  of  the  aero- 
ronous  communication  of  virus-conditioned  diseases.  For  this  purpose  I 
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performed  oxporimonts  with  virus- containing  aerr»ols: 

(A)  in  the  droplet  phase 

(B)  in  the  dust  phase 

considering  various  factors  which  are  at  work  J  n  the  air  and  which  may  in¬ 
fluence  the  aerosols. 

Properties  of  Aerosols 

The  viruses  in  the  air  are  found  there  in  the  form  of  aerosols  and 
we  find  that  the  same  physical- oheni cal  laws  apply  to  the  microbial  aerosol 
as  to  industrial  aerosols. 

Ely  the  term  aerosols  we  mean  colloid  systems  with  gaseous  disporsion 
moans,  liquid  substances  distributed  in  a  colloid  fashion  are  fogs  or 
mists  whereas  in  the  solid  state  they  are  various  forms  of  dust.  In  an 
isodisporsod  aerosol,  all  components  roughly  have  the  same  size;  a  poly- 
dispersed  aerosol  consists  of  particles  of  varying  size.  The  suspended 
particles  contained  in  an  aerosol  can  vary  in  size.  Wo  distinguish  coarse- 
dispersod  (  :»  10-5  cm  diameter),  colloid-dispersed  (10"5  to  10”?  cm  dia¬ 
meter),  and  molecular-dispersed  systems  (c  1CT?  cm  diameter) (Carlson  1960- 
1961). 


Compared  to  other  colloid  systems,  aerosols  generally  contain  a  large 
proportion  of  coarse  particles  (Sirgonson  and  Straumnis,  19^0),  It  is 
therefore  difficult  to  get  aerosols  whose  particles  is  loss  than  200  renu. 
Condensation  aerosols  (that  is,  aerosols  with  condensed  droplots)  primarily 
reveal  particles  whose  diameter  is  about  600  mmu  but  we  can  often  also  en¬ 
counter  particles  wiLh  a  size  of  about  20  mircu  diameter. 

_  The  concentrations  of  tho  aerosols  generally  are  between  1-1,000 
mg/m  .  At  highor  concentrations,  the  particlos  cannot  remain  in  suspension 
for  a  longer  period  of  time  because  they  coagulate  and  become  sedimentod. 

As  a  result  of  this  sedimentation,  the  aerosols  are  converted  into  aerogels 
(gels  result  from  tho  combination  of  tiny  primary  particles  of  a  sol  into 
larger  secondary  particles);  this  is  a  process  which  is  important  in  aero¬ 
sol  separation,  Stokes’  resistance  equation  applies  only  for  coarse  dust 
particles  and  droplets  ifith  a  diameter  of  more  than  20  mu  (see  formula  be¬ 
low,  under  subheading  2.  iieperiment). 

The  stability  of  an  aerosol  depones  on  various  environmental  condi¬ 
tions,  such  as,  the  electrical  room  charge,  the  air  movement,  the  tempera¬ 
ture  differences,  the  degree  of  dilution,  as  well  as  the  physical  and  chenv- 
ical  character  of  the  dispersion  agent  (Kliewe  and  Wasielewski,  1952). 

The  physical  and  chemical  properties  of  a  dispersion  agent  can  in¬ 
fluence  the  aerosol;  for  instance,  when  we  atomize  non-albumen  containing 
liquids,  water  evaporation  is  speeded  up  and  the  size  r circumference"’  of 
tho  droplets  is  thus  reduced  (Gaidamovich  and  Vlodavets,  1963).  In  other 
words,  virus  particles  can  remain  suspended  in  a  non-albumen  containing 
liquid  for  a  lonter  time  and  in  larger  concentrations  than  in  albumen- con¬ 
taining  liquids. 
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But  there  is  reason  to  assume  that  tho  environmental  factors 
(Timm's  molecular  movemont,  electrical  room  charge)  havo  a  greater  influ¬ 
ence  on  tho  stability  of  an  aorosol  than  the  proportios  of  tho  disporsod 
portion.  If  wo  have  an  aerosol  with  oxtromely  finoly  dispersed  suspended 
particles,  vo  can  observe  a  relatively  fast  agglomeration  of  tho  particlos, 
whereby  wo  got  an  average  of  2,5  mu  for  tho  diameter.  If  we  get  this  value 
then  tho  agglomeration  stops  when  tho  corresponding  aerosol  is  present  in  a 
high  concentration  (Rory,  199-9). 


Author's  Investigations 


Preliminary  Kxnoriments 


I  solectod  bacteriophages  as  model  for  my  preliminary  exnerir.sr.ts 
because  they  havo  no  pathogenicity,  becauso  their  presence  can  bo  estab¬ 
lished  quite  readily,  and  because  they  roquire  little  in  the  way  of  prepara¬ 
tion  timo.  In  ny  preliminary  experiments  I  was  primarily  interested  in  the 
following : 


1.  Tho  applicability  of  Koch's  sedimentation  method  (R,  Koch); 

2.  Tho  duration  of  suspension; 

3.  The  dependence  of  the  sodimontation  tendency  on  the  air  humidity 
in  the  experimentation  chamber. 


Material  and  Methods 

For  ry  preliminary  experiments  I  used  an  airtight  chamber  with  an 
air  volume  of  3$?  liters  in  which  a  T„  bacteriophage  suspension  was  atomized 
by  means  of  a  medication  atomizer  (Type  KV-1,  Draper  Company,  Lubeck). 


Tho  atomizer  nozzle  was  connected  to  a  comprcssod-air  bottle  from 
which  gas  flowed  into  a  pressure-reducer  through  tho  bottle  valve  (see  Fig¬ 
ure  1).  Here  we  can  reduce  the  gas  to  a  lower  working  pressure  and  it  then 
flows  in  variable  volumes  through  the  immersion  tube  and  tho  atomizer  noz¬ 
zle  into  tho  atomizer  bottle,  Vi’hile  passing  through  tho  nozzle,  the  gas 
sucks  the  phage- containing  liquid  in  and  atomizes  it.  The  nozzle  should  pro- 
•  duce  mostly  particles  with  a  diamoter  of  1-5  mu  (according  to  the  Drager 
Company,  Lubeck,  tho  average  particle  diamoter  is  around  2  mu);  however,  I 
aid  not  work  out  a  breakdown  of  the  particle  size  here. 


V.'hon  wo  Investigate  the  bohavior  of  phago-containing  aorsols,  wb 
should  use  mothods  and  apparatus  which! 

(a)  will  bo  easy  and  fast  to  handle; 

(b)  will  be  equally  easily  and  well  applicable  to  coarse  and  to 
small  p hag  o- containing,  rospoctively,  virus-containing  dust  particles; 

(c)  will  gu-urantoo  tho  fastest  possible  registration  and  identifi¬ 
cation  of  all  phages  (respoctivoly,  vaccine- viruses)  or  phage-loaded  part¬ 
icles  per  volume  of  cir;  and 

(d)  will  facilitate  the  determination  also  of  short-term  changes  in 
the  phage  or  virus  concentration. 

The  literature  contains  numerous  methods  widen  can  be  used  for  the 
establishment  or  counting  of  living  microorganisms  found  in  tho  air 
(Albrecht,  1955) • 

In  addition  to  tho  methods  mentioned  by  Albrecht  (1955)  optical 
methods  have  also  been  usod  to  establish  the  presonco  of  microorganisms  in 
the  air  (Forry,  Farr  and  Hartman,  1949;  Ferry,  Farr,  ct  al,  1951*.  Guckor  and 
O'Konski,  1949).  But  these  methods  are  disadvantageous  in  that  it  is  very 
difficult  to  obtain  a  differentiation  or  specific  identification  of  the 
microorganisms  with  them  and  in  some  cases  this  is  impossible  altogether. 

Koch's  sedimentation  method  is  based  on  tho  principle  that  particles 
•uppended  in  the  air  can  bo  identified  through  tho  exposition  or  oxposure 
of  plates.  Of  course,  this  method,  compared  to  the  aspiration  mothods 
described  ureter  the  heading  of  ‘bin  Sxnerinonts,  is  not  sufficiently  accur¬ 
ate;  but  it  doos  offer  tho  advantage  that  tho  atmosphere  in  tho  experiment¬ 
ation  chamber  is  not  "viola tod,"  I  atomized  0.8  ml  of  a  bouillon-dilutod 
bacteriophage  suspension  containing  18,000  units  por  ml. 

The  air  hurddity  was  adjusted  prior  to  each  experiment  by  spraying 
air  with  a  spray  bottle;  here  I  had  to  make  suro  that  tho  water  droplets, 
which  for  the  time  being  wore  still  nccossary  to  produce  air  humidity, 
would  be  s odimentod-out  prior  to  the  subsequent  phage-atomization.  Tho 
relative  air  humidity  was  controlled  during  tho  experiments  with  a  hygrometer. 
To  perform  Koch's  sedimentation  experiment,  I  used  Petri  dishes  which  con¬ 
tained  blue-agar  inoculated  with  the  coll  strain  "B".  After  determination 
of  the  experiment,  theodishes  were  incubated  for  24  hours  in  the  incubator 
at  a  temperature  of  3?  C, 
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Fig  2.  Comparison  of  sedimentation  of  a  virus  aerosol  with  high  and  low 
titer. 

Key:  a.  number  of  viruses  sedimented  c.  low 

b.  high  d*  time  (hours) 
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Fig  3.  Dependence  of  66di.nentati.0n  of  a  virus  aorosol  on  relative  air 
humidity. 

Key:  a.  number  of  virusos  sedimented  d.  nodium 

b.  relative  air  humidity  e.  low 

c.  high  f.  time  (hours) 


Results  of  Preliminary  Experiments 


1.  Experiment  for  determination  of  suspension  time,  respectively, 
sedimentation  tendency  of  a  phage  aerosol: 


The  prepared  plates  were  exposed  at  3  different  points  in  the  chamber 
(designated  with  I,  II,  and  III  in  Table  1)  for  10  ndnutos,  each,  at  various 
times,  more  specifically,  during  atomization,  right  afterward,  and  then  JO 
minutes,  1  hour,  1-1/2  hours,  2  hours,  and  2-1/2  hours  after  atomization. 


Fig  4.  Introduction  of  Petri  dishes,  containing  blue-agar  and  Coll  B/am 
into  the  experimentation  chamber. 


INOTaREPRODUCIBLE 
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Table  1.  Suspension  Time  and  Sodimontation 
Tendency  of  Phaccs 


Exposure 

Time 

Sampling 

Points 

No  of  Phages 
Per  Dish 

Relativo 

Humidity 

Tempore tura 

Prior  to  a  ionisation, 

empty  control 

0 

502 

20°  C 

During  atomisation 

k 

• 

II 

+  + 

532 

21°  C 

III 

Right  after  atomisavion 

I 

30 

(10  rdn  exposure) 

II 

25 

21.5°  C 

III 

23 

30  min  after  atomisation 

I 

14 

(10  min  exposure) 

II 

16 

532 

21°  C 

III 

17 

1  hour  after  atomisation 

I 

11 

(10  min  exposure) 

II 

14 

492 

21.2°  C 

in 

12 

1-1/2  hrs  after  a  to  nd.  ca¬ 

1 

7 

tion  (10  min  exposure) 

n 

4 

492 

21°  C 

hi 

3 

2  hrs  &f tor  atomisation 

1 

0 

(10  min  exposure) 

11 

502 

21.1°  C 

in 

2-1/2  hrs  after  atomisa¬ 

1 

tion  (10  min  exposure) 

11 

0 

502 

21°  C 

hi 

Symbols:  ++  Phages  cannot  be  counted 
0  No  phages 


The  relative  humidity  in  the  experimentation  chamber  corresponded  to 
the  humidity  prevailing  in  areas  or  rooms  on  our  geographic  latitudes 
(40- 50$);  the  temperature  was  about  20-22°  C.  The  results  obtained  here 
are  shown  in  Table  1;  this  table  shows  us  that  phages  can  still  be  estab¬ 
lished  in  the  air  1-1/2  hours  after  atomization. 
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Fig  5.  Opening  an 1  *We  Petri  dishes  during  oxperi nents ;  on  the 

left,  the  hygrometer  for  measuring  the  humidity. 


Fig  6.  Compact  FL  coll  growth  used  to  establish  tho  virus  aerosol  (micro¬ 
scopic  photograph,  enlarged  1:80). 

2.  Experiment  for  investigation  of  influence  of  reduced  relative 
humidity: 

To  achieve  a  lower  relative  humidity,  we  placed  two  dishes  with  dry 
calcium  chloride  on  tho  bottom  of  the  experimentation  chamber.  Within  20 
hours,  the  relative  humidity  dropped  to  16-20$  and  this  was  enough  for  the 
determinations  we  wanted  to  make  here.  Table  2,  below  shows  us  tho  results 
achieved, 

Tho  number  of  phages  established  on  tho  Petri  dishes  had  been  reduced 
in  contrast  to  the  numbers  found  at  normal  humidity;  when  tho  air  humidity 
was  lower,  the  phage  concentration  in  the  chamber  also  decreased  somewhat 
more  slowly. 
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Tablo  2.  Sedimentation  Tendency  of  T3  Fhsjjo  Aerosol 
at  Reduced  Rolativo  Air  Humidity 
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3.  Exneriment  on  tho  influenco  of  increased  rolative  air  humidity 
on  the  suspension  tamo  of  tho  phago  aerosols: 

Tho  oxperimontal  sotup  hero  was  tho  same  as  in  experiments  1  and  2. 

To  achieve  tho  desired  rolativo  air  humidity,  we  proceeded  as  described, 
above  (control  by  moans  of  a  hygromotor),  Tablo  3  shews  us  that,  in  combin¬ 
ation  with  high  numidity,  considerably  noro  T^  phago  droplets  wore  sodimontod 
during  the  first  3"  runutos  than  when  tho  air  humidity  was  medium  or  low. 
Subsequently,  howovor,  we  observed  a  continual  decrease  in  sodi mentation. 

Tho  largo  number  of  T-  phages,  sodimentod  during  tho  first  JO  minutes  aftor 
atomization,  caused  aJrapid  docreaso  in  tho  phage  concentration  and  this, 
again,  lod  to  a  shortening  of  tho  suspension  tine, 

Tho  rosults  obtained  in  tho  preliminary  experiments  with  rospcct  to 
tho  influence  of  th6  suspension  tine  and  tho  rolative  humidity  will  bo  dis¬ 
cussed  togethar  with  the  rosults  of  the  main  experiments  at  tho  ond  of  this 
article. 


Table  3.  Sodi mentation  Tendency  of  T')  Phngo  Aerosol 
at  Increased  Relative  Air  Humidity 
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Knin  Kxo'-ri s 

A.  Hronlrt  Pease 

!*.•>  Urial  ^iml  i-im  .1 

To  carry  out  tho  main  experiments,  I  used  the  experimentation  chamber 
and  the  nozzle  employed  in  the  preliminary  experiments,  I  sprayed  a  vaccine 
virus  suspension  which  had  boon  prepared  as  fellows; 

lno  suspension  was  obtained  from  calf  raw  material  which  had  been 
rrourd  un  with  buffertxi  cooking  salt  solution  ar.d  glycerine  {?.  ?  raw 
material  t  2  ml  Nad  +  6  ml  plyeorino).  This  suspension  was  diluted  with 
hunks-medium  +  LH  (lactalbununhydrolysatc,  ,>vj.ut  extract) ( Her.nobc  .-g  and 
hohler,  1961)  and  it  was  centrif u.;od  at  3°  t  and  1,CG0  rpm,  Repeated  ti¬ 
tration  revealed  values  of  about  5  •  10'  units/ml. 

There  are  two  methods  which  turned  out  to  be  quite  good  in  this 
phase  of  the  experimenti 
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,  1.  Koch's  sodimontation  method  without  measurement  of  air  volume; 

2.  The  aspiration  method, 

1.  Koch's  Sedimentation  Method 

To  establish  viruses  by  means  of  Koch's  sedimentation  method,  cells 
of  tho  FL  strain  were  bred  in  plastic  cups  or  dishes  with  a  diameter  of 
5.5  cm.  In  order  to  achieve  the  formation  of  a  compact  cell  carpet  within 
an  incubation  time  of  48  hours  at  3?°  C.  6  ml  of  coll  suspension  were 
pipetted  into  each  dish  (140,000-160,000  colls  per  ml). 

2.  Aspiration  Method 

For  this  method  wo  used  the  simplified  "capillary  impinger"  accord¬ 
ing  to  Roscbury  (1947)  (see  Figure  1).  The  apparatus  consists  of  a  suction 
bottle  with  a  capacity  of  500  ml,  sealed  by  a  perforated  rubber  stopper. 

In  tho  perforation,  we  have  a  1-mm  pipette  whose  tip  ends  about  >5  mm 
above  the  bottom  of  the  suction  bottle  and  dips  into  the  washing  liquid. 

The  suction  bottle  is  connected  to  a  Pfeiffer  vacuum  pump.  Tho  volume  of 
air  to  be  transported  depends  on  the  dirmoter  of  the  lower  pipette  oponing, 
assuming  that  the  suction  force  of  the  pump  is  constant;  in  tho  washing 
bottles  usod  in  this  experiment,  tho  air  volume  was  between  9.5  and  10.0 
1/ndn.  The  air  volume  was  measured  with  a  gas  clock. 

In  the  aspiration  method,  tho  particles  in  the  air  are  expelled  due 
to  the  high  flow  speed  of  the  air  in  the  pipette  along  tho  glass  bottom  and 
tho  water  surface  and  they  are  enriched  in  tho  washing  liquid. 

In  the  experiments  performed  here,  the  washing  liquid  used  was 
Hanks  solution  +  LH,  modified  in  tho  Robert  Koch  Instituto  (Konnoborg  ar.d 
Kohler,  1961).  Py  adding  silicon  anti-foaming  agent  (SH),  we  tried  to  re¬ 
duce  the  foaming  of  tho  Hanks  solution  and  to  cut  down  on  the  loss  of  fine 
water  droplets,  respectively,  to  prevent  any  coagulation  of  the  virusos  in 
the  solution.  Wo  weighed  the  washing  liquid  before  and  aftor  the  experi¬ 
ment  and  found  that  the  losses  were  quite  minor.  Besides,  it  was  necessary 
to  add  antibiotics  in  order  to  eliminate  any  accidental  bacteria- containing 
additions  of  air  as  much  as  possible. 


To  simplify  the  following  experiments,  the  first  thing  we  wanted  to 
investigate  was  the  distribution  tendency  of  the  aerosol.  If  it  turned 
out  that  the  distribution  was  uniform,  then  we  would  have  to  take  samples 
at  only  one  sampling  point  in  the  subsequent  experiments  in  order  to  exam¬ 
ine  the  ratios  and  conril tions  hero. 

The  plates  were  exposed  at  3  different  places  in  the  chamber  (de¬ 
signated  I,  II,  and  III  in  Table  4)  for  10  rdnutos,  each,  at  various  times, 
more  specifically,  during  atomization  (about  2  minutes),  right  afterward, 
and  30  minutes,  1  hour,  1-1/2  hours,  2  hours,  2-1/2  hours,  3  hours,  and 
3-1/2  hours  after  atomization.  The  relative  air  humidity  in  the  experi¬ 
mentation  chamber  was  40-50^  and  the  temperature  was  about  20-22  C. 
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V.'g  atomized  0.5  ml  of  virus  suspension  (titer:  5  *  10r/nl)  in  2  min¬ 
utes,  in  other  words,  a  total  of  25  million  viruses.  If  wo  assumo  that 
overy  drop  constitutes  a  CPE  (cytopathogcnic  effect)  on  tho  coll  layer, 
thon  the  experiments  provo  that  tho  largo  drops  caused  big  CPE  areas  on  the 
first-exposed  plates  (during  and  right  after  atomization)  because  of  their 
strong  sedimentation  tendency,  whereas  smaller  droplets  formed  smaller  CPE 
spots.  Tho  values  obtained  for  tho  CPE  and  given  in  Table  4  show  that  tho 
viruses  v:ero  distributed  uniformly  throughout  tho  chamber  30  mdnutos  after 
atomization.  Tho  amount  of  tho  virus  quantity  as  well  as  tho  strong  devel¬ 
opment  of  tho  CPE  during  atomization  and  immediately  afterward  (see  Figure 
7a)  can  bo  considorod  proof  that  large  quantities  of  aerosol  droplets  were 
sedimontod  and  thatt  under  certain  circumstances,  they  swopt  finer  part¬ 
icles  present  in  the  chamber  air  along  with  them  down  to  the  bottom,  that 
is  to  say,  finer  particles  which  otherwise  might  have  spread  out  much  more. 

Table  4.  Virus  Aerosol  Distribution  Tendency 


Fxnosuro  Time 


Sampling  No  of  CPE  per  Rolative 

Points  Dish  Humidity 


TomDerature 


Prior  to  atomization 
(ompty  control) 


During  atomization  1 

II 

III 

Immediately  after  atomiza-  I 

tion(10  min  exoos.are)  II 

111 

30  min  after  atomization  I 

(10  min  oxposure)  IT 

in 

1  hr  aftor  atomization  I 

(10  min  exposure)  11 

III 

1- 1/2  hrs  aftor  atomiza-  I 

tion  (10  min  exposure)  II 

III 

2  hrs  after  atomization  I 

(10  min  exposure)  II 

III 

2- 1/2  hrs  after  atomiza-  I 

tion  (10  min  oxposure)  II 

III 

3  hrs  after  atomization  I 

(10  min  oxnosuro)  II 

III 

3- 1/  2  hrs  aftor  atomiza-  1 

tion  (10  min  exposure)  II 

III 


Symbols:  +++  heavy  CPE  formation:  ++  mo: 
ation. 


0 

5056 

21°  C 

+++ 

52* 

21°  C 

++ 

53  >- 

21.1°  C 

35 

27 

51% 

21.1°  C 

30 

22 

27 

59* 

21.2°  C 

1? 

19 

15 

49* 

21. 3° C 

14 

10 

14 

50* 

21.3°C 

11 

9 

10 

50* 

21.4°C 

4 

5 

4 

50* 

21.5°C 

6 

3 

2 

50* 

21 ,7°C 

0 

orate  CPE 

formation;  0  no 

CPE  forn* 

11 


In  the  preliminary  experiments  we  had  found  that  the  yield  is  greater 
when  tho  coll  layors  of  tho  plates,  which  aro  exposed  to  the  air,  arc  pro¬ 
vided  with  no  moro  than  about  1  ml  of  medium;  this  was  supposed  to  prevent 
i  drying  out.  After  tho  termination  of  tho  oxperlmonts,  wo  pipetted  5  ml  of 
*  preservation  medium  in  (Parkor  modi urn  199  and  2$  calf  sorum)(Hcnneborg  and 
Kohler,  1 961 ) .  Tho  plates  thus  charged  with  medium  wero  placod  in  a  CCL 
container  ard  the  lattor  was  placod  in  an  incubator.  After  3  days  of  Z 
incubnyion,  the  plates .wore  examinod  for  CPS,  In  those  experiments  we  found 
that  tho  CPE  on  those  plates,  which  wore  oxposod  3-/2  ho'-rs  after  atomiza¬ 
tion  (see  Figure  7 o),  could  be  road  off  easily  only  aftor  the  4th  or  5th 
day.  This  is  why  the  modiura  was  changed  after  tho  3rd  day  of  incubation  in 
order  to  preserve  the  cells. 

We  might  add  that  plates  wore  exposed  in  every  experiment  prior  to 
atomization  in  order  to  establish  any  viruses  that  might  still  be  present. 
These  plates  were  called  the  "empty  controls"  in  the  tables.  In  Table  4, 
we  have  the  results  of  those  controls. 


Fig  7a.  Abundant  CPE  formation  in  plates  set  up  immediately  after  atomiza¬ 
tion  of  virus  aerosol. 


Fig  7b,  Half  hour  after  atomization. 
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Fig  7c.  One  hour  after  atomization. 
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Fig  7d.  TWO  hours  after  atomization. 
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Fig  7e.  Three  and  a  half  hours  after  atomization. 
(Microscopic  photograph,  enlarged  1:80) 
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UV  Irradiation  of  the  experimentation  chamber  24  hours  before  the 
start  of  the  experiments,  in  order  to  prevent  any  decontamination,  proved 
to  be  reliable. 

2.  Experiment 

The  auspenaion  time,  respootively,  tha  sedimentation  tendoncy  of  a 
virus  aerosol  were  now  examined  at  one  sampling  point  in  the  ch  nber,  with 
the  rest  of  the  experimental  setup  remaining  the  same.  The  results  obtained 
here  are  shown  in  Table  5«  Table  5  shows  us  that  no  CPE  could  be  read  off 
after  3-1/2  hours.  To  determine  whether  viruses  could  still  be  found  in  a 
relatively  long-lasting  suspended  state  >-1/2  hours  aftor  atomization,  the 
air  was  suctioned  off  for  5  minutes  by  means  of  the  aspiration  method  (about 
40-50  liters).  Thon  the  washing  liquid  was  thoroughly  mixed  and  a  square 
bottle  was  inoculated  with  1  ml.  After  >4  days  of  incubation,  no  CPE  could 
be  found  in  the  square  bottle,  The  assertion  that  all  viruses  are  sedimented 
after  3-1/2  hours  thus  would  not  seem  to  be  correct.  Instead  it  would  seem 
to  bo  more  accurate  to  say  that  the  limit  of  demonstrability  is  at  3-1/2 
hours  after  atomization.  It  is  to  be  assumed  that  the  limit  of  demonstra¬ 
bility  depends  on  the  "infection  multiplicity"  (that  is,  the  number  of  in¬ 
fectious  virus  particles  in  proportion  to  the  number  of  available  particles). 
This  infection  multiplicity  decreases  in  time,  so  that  no  more  CPE  formation 
is  possible. 


If  we  want  to  examine  the  sedimentation  conditions  according  to 
Stokes'  law,  then  we  can  compute  the  drop  velocity  (W)  for  particles  with 
a  diameter  of  2.5  X  10“^  cm  as  follows: 


r  —  1.25  •  10  cm 


2 

g  =  earth's  acceleration  =  981  cm/s 
e  1  g/c mJ 


*  2  •  10"4 
W  =  61  cm/hr 


_ 

cm  •  sec 


If  we  keep  in  sdnd  that  tha  experimentation  chambor  is  51  cm  high, 
this  means  that  the  particles  were  sedimented  with  a  radius  of  1.25  *10-4  cm 
within  one  hour,  while  tha  CPE,  obtainod  up  to  >1/2  hours  after  atomiza¬ 
tion,  was  produced  by  particles  of  smaller  size. 
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Table  5«  Suspension  Time  and  Sedimentation  Tendency  of  Virus  Aerosols 


fcnt  ilnr  Kxpo*it»on 
(a)  _ 


Ant^thl  elf'r  ( '  I  *  K 
pro  Mr hn In 
- (c) - - 


Hnlut  IVP 

Lllftf-'urhtO 

—(d) - 


Twnprrutur 
—  (e>._ 


Vnr  VrmHu-lung  . 
fl/vrknntrollr) 

c 

A.r„ 

22°  C 

WAhivnil  'ItT 

VrnvlM’lung  (g) 

+  4  + 

22®  C 

I'miut  '«'U>nr  nncli 

ViT'i'Muhg  (|)) 

(1*5  Mm.  Kxpoaitinn) 

4  4 

:i,h’c 

JOMin'itrn 

nn^h  WriiolM'lung  (i) 

(in  Mm.  Kx  posit  ion) 

3K 

66", » 

I  Stuntln 

nxrh  Vpnipholui.j;  (J  ) 

V'.x) Haitian) 

27 

64  »„ 

22®  C 

| . 5  Stnnilrn 

n»f*h  Wrni‘l*olunn  (k) 

(in  Mm  V',K|K)Xition) 

10 

63"„ 

■22,3®C 

2  Stum  Ion 

nft'-h  VrrnMwlniiii  (1) 

(in  Min.  Kx|tonitmn) 

12 

6«°<, 

22.2“C 

2.5  Stun<l»'i. 

n*rh  VcrnMn'liing  ^jTI ) 

(in  Mm.  Kx|m«ition) 

o 

6n®„ 

22, »°C 

3  SlunA’H 

n*fh  VrrnrlihlunK  (n) 

(in  Min.  Kxponition) 

ft 

&<>% 

2?.6°C 

J.5  Stun  ion 

wh  Vfrnrlmlun#  (o) 
(lOMm  Kx|K*M(ion) 

3 

u>% 

22.6° C 

rFor  Items  a  —  o  and  Symbols,  see  Key  to  Table  4,  above.1 


Experiment 


In  the  experiment  described  below,  we  investigated  tho  suspension 
time  of  a  virus  aerosol,  with  the  initial  material  diluted  in  this  case. 
Repeated  titration  revealed  values  of  about  4.3-5  *  10°/ml.  The  experi¬ 
mental  sotup  was  tho  same. 

Table  6  shows  the  results  achievod  hero.  These  results  indicate  that 
no  more  viruses  could  be  established  1-1/2  hours  aftor  atomization.  From 
this  we  can  conclude  that,  in  the  caso  of  an  aerosol  with  roducod  titer,  the 
viruses  can  bo  ostablishe’  for  a  shorter  period  of  tine  only,  that  is  to 
say,  shorter  than  for  the  caso  of  an  aerosol  with  a  higher  titer,  Tho 
reason  for  this  lies  in  tho  fact  that  tho  existence  of  an  "infection  mul¬ 
tiplicity"  which  would  suffice  to  produco  an  infection  —  a  presenco  which 
decreases  over  a  poriod  of  time  —  can  be  vory  small,  that  is  to  say,  vu.„ 
rare  in  the  ca.o  of  a  virus  suspension  with  a  low  titer. 


liable  6.  Sodimontatlon  Tendency  of  &  Virus  Aerosol  with  Low  Titor 

Anrj^hl  il**r  CI’K  Krlntivo  . 

lr, l  ili-r  hxpomtion  pro  Krh.lo  U.ttf.-nrhto  ,  Tr...,ior.tur 

.ua) _ _ id) _ - 


Anrj^hl  iler  CI'K 
pro  Krhalo 


Krtntivfl 

Lultfriirhlo 


Trmjx'rntur 
— _ 


\  0r  Veniclirlnng 
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Wahnnd  dcr  Vcrnobolung 

(g> 

a 

4  4 

64% 

22  2°C 

22.3’C 
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4 

M% 
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20 

62% 

22,3°C 
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0) 

11 

■'13% 

22,1°C 
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8 

62% 

’  22* C 
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narh  VornobrlunR  \  -*■  / 
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0 

61% 

223C 

t,6  Klundcn 

------  nach  Ve>mnbelung  \®) 
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'  0 

60% 

22°  C 

3  Slundrn 

naeh  Vcrnobolung  (ft) 

(10  Mm.  Exjioaition) 

0 

60% 

22°  C  ’ 

3,6  Stundcn 

niach  Vemebelung  (°  ) 

(10  Mm.  Exposition) 

0 

<0% 

22°C 

Key:  !"For  Key,  see  Items  a  —  o 

and  Symbols, 

Table  4, 

above. 1 

If  we  considor  the  "infection  multiplicity,"  then  wo  must  figure  out 
the  virus  content  of  the  droplets  which  are  atomized  in  a  virus  suspension 
of  0.5  ml. 

The  number  of  droplets  contained  in  0,5  ml  of  atomized  virus  suspen* 
sion  Is  computed  as  follows: 


X  =  Number  of  droplets 
V  =  Volume  of  virus  suspension  atomized 
V^  =  Volume  of  a  droplet 

Tho  volume  of  a  droplet  can  be  computed  according  to  tne  following 
oquation  (assuming  that  the  droplets  are  spherical  and  have  a  radius  of 
1.25  •  10*4): 

v,  -=  J  r.  r»  •  3,14-  I.2G*  •  lft-»  ml 

V,  H,i:  ■  III  '*  ml 
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The  atomized  volume  of  0.5  ml  virus  suspension  thus  corresponds  to 
a  droplet  count  of: 

N  — -  .  n(ir.  ■  i ip* 

H.l'J  •  Hi  »• 

The  number  of  virusos  in  0.5  ml  virus  s  .-.sponsion  was  2.5  •  10^ 

n 

(titer:  5  *  lO'/nl).  This  brings  us  to  tho  question  as  to  the  volume  of 
the  virusos  contained  in  tho  droplets: 

n 

1.  whon  wo  have  a  titer  of  5  *  10  /ml, 

2.  in  the  case  of  a  suspension  with  the  rather  low  titer  of 

5  •  lQ^/ml, 

In  connection  with  (1),  wo  can  say  tho  following: 

ui<‘.  ■  in’  ii '8 

24  (in 

2 A  ■  In'  ««, J A 

that  is,  that  we  will  havo  1  virus  in  a  volume  of  2,U60  droplet s,  assuming 
that  tho  virusos  are  uniformly  distributed. 

In  connection  with  (2),  abovo,  wo  can  say  tho  folio.- .ng:  If  we  have 
a  titor  of  2.5  •  10°/0.5  ml,  then  1  virus  will  bo  contained  in  24,600  drop- 
lots. 

Thoso  data  toll  us  something  about  how  groat  tho  difference  can  bo  in 
the  virus  content  of  the  droplets  at  various  titer  levels.  -.Vie  can  thorofore 
assumo  with  some  degree  of  probability  that  the  short  suspension  time  of 
particles  in  a  virus  suspension  with  a  low  titer  can  bo  traced  to  the  do- 
mo  ns  tr  ability  of  tho  "infection  multiplicity"  which  in  this  caso  would  not 
bo  sufficiont  to  cause  infection.  Tho  abovo  column  graph  (Figuro  3)  is 
interriod  to  illustrate  tho  sodimentation  ratios  for  various  titers. 

4.  Rxocri-vnt 

In  this  experiment  wo  investigated  the  influence  of  tho  roducod 
relative  humidity  (for  the  method  used,  see  lornulas  given  above).  Table 
7  shows  us  tho  results  obtainod  here.  As  expcctod,  the  virusos  revealed  a 
quantitati'-ely  small  sedimentation  tendency  when  the  relative  humidity  was 
low  whilo  the  suspension  timo  remained  tho  samo.  Tho  virus  concentration  in 
tho  chamber  thus  docreasod  moro  slowly  when  tho  humidity  was  lower  and  this 
is  probably  duo  to  the  faster  evaporation  of  the  outer  envelope  of  the  virus 
droplets,  that  is  to  say,  it  may  bo  due  to  tho  faster  shrinkage  of  their 
circumference  and  also  of  their  sedimentation  speod. 
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Table  7.  Sodimon* ~ tion  Tendency  of  Virus  Aorosol  at 
Roducea  Relative  Air  Humidity 
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5.  Experiment 

Hore  we  vantod  to  investigate  the  influence  of  ii.»roasod  relative 
humidity  on  the  suspension  tino  of  the  virus  aerosol.  Tho  experimental 
setup  was  the  same.  To  achievo  the  desirod  relative  humidity,  we  sprayed 
Aqua  dest.  which  had  been  heated  to  20°  C,  into  the  chamber  from  a  spray 
bottle.  In  this  connection  wo  had  to  make  sure  that  the  water  droplots 
necossary  for  the  generation  of  the  air  humidity  had  already  been  sodi- 
nontod  prior  to  tho  subsequent  virus  atomisation.  The  air  humidity  was  con¬ 
trolled  during  tho  experiment  with  a  hygrometer.  Table  8  shows  us  that 
during  the  first  JO  rinutos,  when  the  humidity  is  high,  considerably  more 
virus  droplots  were  sedimented  than  whon  tho  humidity  was  avorago  or  low. 
During  tho  following  interval  of  time,  how over,  wo  wero  able  to  observe  a 
continual  drop  in  tho  sedimentation  rate.  The  largo  nunbor  of  viruses  ”hich 
were  sodimontod  during  tho  first  30  minutes  after  atomisation  caused  a 
rapid  reduction  in  tho  virus  concentration  and,  as  a  result  of  tils,  also 
a  reduction  in  tho  suspension  time.  This  experiment  and  tho  preceding  ex¬ 
periment  show  us  that  humidity  plays  a  very  important  role  in  tho  sediment¬ 
ation  tendency.  Figure  3,  above,  constitutes  a  graphic  illustration  of  tho 
conditions  oxa mined  here. 
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Tablo  6.  Sedimentation  Tendency 
Increased  Relative  Air 

of  Virus 
Humidity 

Aorosol  at 

,  Atirnhl  il**r 

7.ul  »lrr  1  .\pn**ituin  i-i.  »  r. .  >. 

^  ^  l*r«t  £  l.«iM 

Trmjv*rnlur 

_ _  (c)  _ 

Wr  Vt'rnidw  lun^ 

rknnl  rnlh  )  (*  / 

r  • 

2I”C  , 

W.ilm  ml  1  In  \  1  rin  l»  III nif  ( ) 

A  T  » 

im% 

21, rc 

Vinmi  nnrli  Wrin-N’lung 

ll'iMin.  (h) 

-t  -1  > 

III  Vo 

21,2'C 

H11  Munilni  imi-li  Wnn*lwlung 
(In  Mm.  KxpoKit inn)  (  i  ) 

M 

ft?*"  o 

:rc 

1  M.'in«l«*  nn*mli  W Tin  In-lung 
(Hi  Mm.  ion)  ( j  ) 

2  4 

Kh"n 

2o,M~C 

l.fi  Si nmli'ii  nnrli 

(10  Mm.  Kxjw-.  ,.  ,»)  (k.) 

17 

8  1  . 0 

20.«’C 

Sinmlrn  nrvrl  Writclx-lung 
[|fi  Min  Kx  pewit  inn  1  (  1  ) 

13 

H .»% 

2n,s"C 

2,5  Siinvli'ti  tm»  h  \Vrn«*l*'lung 
(10  Mm.  F,  *  (Mini  t  inn]  (tn) 

8 

80% 

20,7'C 

3  Suiii'ii-ii  nAi-h  ViTnolw'lung 
(10  Min.  ft*. |»fl«iiinn}  (n) 

3 

80% 

20,  VC 

3  ft  Slun<1«*n  nm  )i  Vorn«*b«'liing 
(10 Min.  K*)>o«ition)  (0) 

,1 

80% 

•20, rc 

Key:  rSoo  Key,  Table  abovol 
6.  pvnrrimcnt 


Hci  o  wo  investigated  tho  virus  count  for  various  h'd.qhts  of  chamber 
air  rabovo  tho  chamber  bottom"1.  For  this  purpose,  the  air  was  suctioned 
off  at  heights  of  35  on  and  55  cm  (see  aspiration  method).  To  detcrrd.no 
whether  air  eddies  are  formed  as  a  result  of  the  fact  that  tho  suction 
bottlo  is  conr.cctod  in  at  a  air her  hei-ht  level  —  air  eddies  which  miqht 
have  an  effect  on  the  results  of  the  bottle  suction! nr  in  the  lover  layer 
—  we  performed  a  number  of  control  e\:  •-.rimonts,  in  two  separaco  experi¬ 
ments,  air  samples  were  taken  first  of  all  at  a  hoirht  of  35  am  and  then, 
in  the  other  cxr orment,  at  a  heitht  of  >5  cm,  1  hour  after  atomisation. 
The  results  obtained  hero  revealed  only  Very  minor  diffcrcncos  compared  to 
the  oxporimont  with  tho  two  suction  bottles;  this  means  that  wo  were  able 
to  prove  that  the  Jointly  operating  suction  bottles  do  not  influence  each 
other. 


To  establish  the  viruses  present  in  tho  washing  liquid,  we  removod 
1  ml  of  washing  liquid  from  each  suction  bottlo  and  we  used  this  quantity 
to  inoculate  five  r -uaro  bottlos.  Tho  count  of  tho  CPE  in  the  upper  suc¬ 
tion  bottlo  rove-ale*.,  average  values  of  21  viruses  per  ml.  The  count  of  tho 
CPE  in  tho  lower  suction  bottlo  £avo  us  averages  of  58  viruses  per  ml.  This 
moans  that  the  virus  count  drops  as  tho  height  increases  and  the  sauie  ap¬ 
plies  to  the  infectiousness  of  the  air. 
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P.  Dust  Phase 

Dctcrtontlon  of  Dust.  Particles  Tr.rootoi  :rjth  Phages 

Tho  vaccine  viruses  havo  a  relatively  high  dogroo  of  infectiousnoss 
and  can  causo  impairment  of  health  in  the  person  conducting  tho  experi¬ 
mental  ve  therefore  aolocted  T-  phases  as  cxporinontal  models  for  the  next 
part  of  our  project,  3 

Sedimented,  mi croorgani srt-contai run-  dust  particles  can,  for  instance, 
stick  to  wool  blankets  or  to  other  surfaces  in  the  sick  room,  Fty  moans  of 
various  typos  of  handling,  such  as  shakier  out  or  moving  blankets,  infoctixi 
fibers  can  got  into  tho  nir.  Dust  particles,  with  infoctious  microorganisms 
Gticking  to  them,  can  a1*  ■  be  rendered  capable  of  suspension  as  a  rosult  of 
air  curronts  duo  to  tho  opening  or  closing  of  doors.  The  following  part  of 
this  study  is  thcroforo  of  particularly  groat  practical  importance. 

It  was  intorosting  to  find  out  hero  just  hov:  long  dust  particlos  can 
b.  doterminod  in  tho  air  and  how  they  bohavo  at  varying  heights  and  in  vary¬ 
ing  placos  throughout  a  room.  In  this  kind  of  problem  wo  are  not  so  much 
interested  in  determining  the  size  of  the  particlos  or  in  studying  the  in- 
fluenco  of  tho  humidity  and  tho  room  temperature;  likewise,  «o  do  not  re¬ 
quire  an  atomization  of  particles  with  a  certain  size  in  studying  the  protv 
lem  we  are  concerned  with  hore. 

Material  and  Methods 

Tho  experiment  was  conducted  in  a  large,  blacked-out  laboratory  room 
(height:  3.5  m).  Dust  from  a  vacuum  cleaner  was  screened  several  times  and 
was  sterilized  for  3  hours  at  a  temperature  1 50-160°  C,  in  dry  heat.  The 
sterilized  dust  was  mixed  in  a  Petri  dish  with  a  T^  phago  suspension  (titer: 
4  •  loS/mll  and  it  was  then  dried  for  soveral  weeks  in  an  evacuated,  CaCxp- 
containing  xsiccator.  The  dried  dust  was  removed  from  the  surface  of 
the  dish  and  was  then  ground  in  a  mortar.  For  atomization,  O.S  p  of  the 
infected  dust  was  finely  distributed  over  a  largo  surface  and  a  dust  cloud 
was  then  produced  by  means  of  a  pipette  which  was  connected  to  a  compres sod- 
air  pump.  The  chango  of  tho  concentration  of  tho  particles  in  the  room  was 
determined  by  means  of  the  sedimontation  method. 

For  this  purpose  we  used  Petri  dishes  containing  blue-agar;  these 
dishes  were  inoculated  with  coli  strain  "B/an"  (bacteria  sensitive  to  T, 
phages). 

The  dishes  wore  exposed  at  tho  following  points  throughout  the  room: 

1.  Fiddle  of  tho  room,  floor 

2.  Right  side  of  room,  surface  of  wash  basin 

3.  Corner  of  room,  1,5  n  below  tho  ceiling  on  a  shelf 

4.  Left  side  of  room,  1  m  abovo  floor  on  a  table 

5.  Left  side  of  room,  corner,  0.5  n  abovo  floor 

6.  Right  side  of  room,  corner,  on  a  stool 

7.  On  the  door 

8.  On  the  floor,  under  tho  table 

9.  toddle  of  room,  1  m  above  floor 

10.  On  windown 
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Tho  exposure  timos  wero  1,  3.  and  4  hours  after  atomization;  each 

Petri  dish  was  exposed  to  tho  dust  cloud  for  20  minutes.  After  termi’ition 
of  tho  experiment,  tho  closed  Petri  dishes  were  kept  for  24  hours  in  i 
incubator  at  3?°  C  and  they  wore  then  photographed  vith  a  camera  conneetod 
to  tho  plate  microscope,  Tho  plates  ■‘plaques’’  formed  by  tho  T~  phagos  and 
tho  polyr.orphia  of  tho  duct  will  bo  explained  in  connection  with  tho 
illustrations. 

Another  possibility  for  observation  was  crcatod  with  tho  holp  of  a 
lamp  which  generated  ray  bundles  in  the  darkened  room.  Tho  processes  tak¬ 
ing  place  during  this  phase  wore  likewise  photographod , 

Results 

I  would  first  of  all  like  to  report  tho  findings  made  throughout  tho 
entire  experiment  try  tho  observer  —  provided  with  headgear,  mouth  protection, 
and  protective  clothing  —  with  tho  previously  nentioned  light  source  in¬ 
stalled  to  the  side. 

Prior  to  atomization,  dust  particles  could  be.  hardly  recognized  in 
the  light  coming  in  from  tho  side  (see  Fimuro  '2a).  Right  after  atomiza¬ 
tion,  one  could  see  a  thick  cloud  of  particles  alow  tho  ^ntiro  length  of 
tho  light  ray  and  this  cloud  was  distributed  in  all  directions  throughout 
tho  room  after  rapid  motions  (sen  Figure  2b);  30  minutes  after  atomization, 
it  was  possible  to  observe  a  high  dc~rco  of  particle  sedimentation  (see 
Figuro  8c),  As  little  as  1  hour  after  atomization,  v;o  had  an  extraordinar¬ 
ily  strew-’  concentration  decrease  and  we  could  observe  a  uniform  distribu¬ 
tion  of  the  particles  over  the  entire  room  (see  Figure  Sc).  One  might  novr 
expect  that  the  air  currents,  brought  about  by  tho  constant  movement  of  tho 
observer  in  tho  room  as  well  as  by  tho  intentional  opening  and  closing  of 
the  door  three  timos,  would  havo  caused  tho  dust  particle^  tc.  bo  distri¬ 
buted  unovonly. 


Fig  8a.  Condition  of  experimentation  room  prior  to  atomization.  Only  very 
few  dust  particles  can  bo  recognized  in  tho  picture.  (Exposure 
time:  1/5  second.) 
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Fig  8b,  Movenont  of  dust  particles  photographed  immediately  after  atondza^ 
tion  (Exposure  tine:  1/ 5  sec). 


Fig  8c.  Increased  number  o.t'  s odinonting  dust  particles,  30  minutes  aftor 
atomisation  (Exposure  tine:  1/5  soc). 


Fig  8d.  Pnoto  taken  3 0  minutes  aftor  atorization,  0.5  m  bolow  coiling  of 
room,  showing  small  quantity  of  dust  particles  (exposure  tine: 
1/5  sec). 
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rig  8*.  Photo  taken  1  hour  after  atomization,  1.5  a  below  room  ceiling, 

showing  completely  uniform  distribution  of  duut  particles  (expos¬ 
ure  time:  1/5  sec). 

The  observations  made  at  various  height  levels  throughout  the  room 
revealed  the  following: 

At  30  minutes  after  atomisation,  the  dust  volume  0.5  m  below  the 
coiling  cf  the  room  x-ras  at  a  minimum  (soo  Figure  8d);  this  can  be  explained 
by  tho  abovenentionod  heavy  sedimentation;  1  hour  after  atomisation,  a 
sraaller  number  of  dust  particles  was  observed  0.5  m  below  the  coiling  than 
1.5  m  below  the  room  coiling  (see  Fig  8e),  This  can  probably  be  explained 
by  saying  that  the  largest  quantity  of  dust  particles  at  that  time  is  al¬ 
ready  in  sedimentation;  90  minutes  after  atomisation,  the  situation  was 
oxactly  opposite  of  what  it  was  earlier,  0.5  m  below  the  room  ceiling,  that 
is  to  say,  that  thero  was  a  relative  increase  in  the  quantity  of  the  part¬ 
icles  as  tho  hoight  increased.  This  phenomenon  can  be  explained  by  saying 
that  tho  uniform  distribution  of  the  dust  particles,  which  had  already  begun 
at  that  moment,  onablod  the  dust  to  continue  to  be  suspended  in  the  room,  in 
tho  air,  in  spite  of  tho  laws  of  gravity  because  the  particle  number  in  the 
volume  unit  is  greater  in  the  lower  layers  than  in  the  higher  layers  and 
bocauso  an  air  volume  streaming  upward  from  below  will  move  more  particles 
to  the  higher  levels  than  an  equally  large  volume  of  air,  coming  from  above, 
can  carry  downward. 

The  results  achieved  with  phages  in  this  experiment  are  shown  in 
Table  9.  The  table  shows  that  there  was  a  very  rapid  drop  in  the  dust  con¬ 
centration  1  hour  after  atomization.  The  quantity  of  the  phages  that  had 
dropped  into  the  dishes  was  Just  about  uniform  in  all  phages;  2  hours  after 
atomization  only  very  few  phages  could  be  established  and  3  hours  after  atorv 
ization  the  number  of  phages  that  could  still  be  determined  bad  dropped  to  a 
minimum;  4  hours  after  atomization,  none  of  the  dishes  exposed  revealed  any 
phages., 


Thble  9.  Sedimentation  Tendency  of  Duet  Partial**  Inflated 
With  Tj  Phage*  xn  •  Laboratory  Room 
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Keys  e.  Places  at  which  Petri  dishes  were  exposed  (see  Pig  8e) 

b.  Number  of  phages  +  Number  of  phages  exceeded 

c.  One  hour  after  atomisation  the  limit  of  countability 

d.  Two  hours  after  atomisation  0  No  phages  could  be 

e.  Three  hours  after  atomisation  established  here 

f.  Four  hours  after  atomisation 

It  is  interesting  to  note  that  the  findings  made  with  the  help  of 
the  incoming  light*  as  shown  in  the  photos,  agreed  completely  with  the  re¬ 
sults  obtained  on  the  basis  of  the  observations  of  phage  growth  on  tne  ex¬ 
posed  Petri  dishes. 

Discussion 

Diseasos  such  as  smallpox  or  diseases  of  the  respiratory  tract, 
s.easles,  or  varicella  can  be  caused  also  by  the  fact  that  the  viruses 
reach  the  human  organism  by  moans  of  aspiration  through  the  respiratory 
tracts.  In  this  kind  of  infection,  the  suspension  time  of  the  microorganism¬ 
bearing  particles  in  the  air  constitutes  an  important  factor.  In  order  to 
determine  how  aorogenic  viruses  can  bo  communicated  and  can  thus  cause  iiw 
fections*  we  must  learn  more  about  the  physical  magnitudes  which  enable  the 
particles  to  remain  in  suspension.  This  kind  of  suspension  state  assumes 
particular  importance  in  the  dust  particles  because  the  latter  have  a  large 
surface  and  are  quite  bully,  although  their  mass  or  weight  might  be  rela¬ 
tively  smaller. 

If  the  droplet  nuclei  (seo  Note) (Gordon  and  Ingalls,  1946)  are  sedi¬ 
mented,  then  they  may  get  into  the  air  again  together  with  dust  particles 
or  they  may  stick  to  these  dust  particles  (air-borne  or  dust-borne  infeo- 
tion)(see  Note) (Gordon  and  Ingalls,  1964), 

(rNotel  These  are  factors  which  are  often  mentioned  in  British  and 
Aaerloan  literature  but  for  which  we  do  not  yet  have  any  definitive  terms 
In  the  German  language.) 
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Fig  9a,  b,  c.  Plaques  of  dust  particles  charged  with  phages.  The  photos 
show  the  polymorphic  aspect  of  the  dust,  dust  parti clea-5inside  the  plaques, 
as  well  as  those  that  did  not  produce  any  plagues.  (Microscopic  photos, 
enlarged  1:33) 
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rig  9d.  Negative  result  after  4  hours* 

Die  so- called  "dust-borne"  Infection  phase  applies  in  viruses  which 
remain  on  dust  particles  for  a  long  time}  this  is  true  of  the  viruses  of 
smallpox*  psittacosis,  poliomyelitis,  Influenza,  and  measles  (Schwletake, 
1961). 

The  data  developed  experimentally  in  Section  B,  above,  reveal  that 
dust  particles  charged  with  T_  phages  are  sedimented  considerably  faster 
than  was  the  case  in  the  '  droplet  phase  (considering  the  amount  of  the 
volume  and  the  environmental  conditions  of  the  experimentation  chamber,  on 
the  one  hand,  and  the  identical  conditions  in  the  laboratory  room  in  which 
the  dust  phase  experiments  were  conducted,  on  the  other  hand).  We  can  ex¬ 
plain  this  as  follows:  the  T„  phages  are  probably  mostly  connected  with 
coars^dlspersed  dust  particles.  This  is  supported  by  tho  rather  striking 
decrease  in  the  aerosol  concentration  due  to  the  sedimentation  of  the  large 
dust  particles  during  the  first  30  minutes  after  atomization.  However,  this 
may  lead  to  the  possibility  that  a  certain  bacteria  volume  might  not  be  con. 
nected  with  the  dust  particles  (see  Figure  9a,  b,  c)  or  that  the  bacteria 
lost  this  contact  or  connection  at  the  time  of  atomization  —  which,  in  turn, 
meant  that  individual  T.,  phages  present  in  the  air  could  not  be  spotted. 

If  we  were  correct  in  assuming  that  the  phages  lost  their  contact  with 
the  dust  particles  during  atomization,  then  the  time  of  their  stay  in  the 
air  would  be  the  same  or  it  even  exceeded  the  tine  involved  in  the  droplet 
phase  because  we  found  salts  and  other  substances  on  the  surface  of  the  T- 
phages  in  the  droplet  phase  after  tho  complete  evaporation  of  the  outiideJ 
water  envelope;  these  salts  and  other  substances  had  been  present  in  the 
drop  and  thus  caused  a  faster  sedimentation  to  take  plaoe. 

Let  us  now  correlate  the  experimental  results  with  the  factors  that 
enter  the  picture  in  the  sedimentation  of  aerosols. 

The  suspension  time  is  determined  by  the  following  factorei 
Shape  and  Size  of  Particles 


Shape  of  Particles 


It  is  assumed  that  the  particles  are  spherical  and  this  is  probably 
quite  oorrect,  with  some  degree  of  probability  of  course, 
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(b)  Particle  Site 

This  factor  is  vary  important  for  tha  duration  of  suspension  and  for 
other  events  which  will  be  mentioned  later  on;  this  factor*  in  turn*  depends 
on  other  forces! 

One  very  important  factor  which  is  yet  to  be  studied  theoretically  is 
the  coagulation  of  ^articles  as  a  result  of  Brown's  movement 

In  Russian  literature  on  the  subject  (Bolotovskiy,  1961),  we  car.  find 
a  formula  which  tells  us  something  about  the  coagulation  of  the  particles 
as  a  result  of  Brown's  movemont.  The  solution  of  this  formula  calls  for  the 
average  diameter  of  the  droplets  produced  by  the  nozzle.  Unfortunately,  we 
do  not  know  the  exact  averago  value  for  the  particles  (see  Material  and 
Methodology  used  in  Preliminary  Experiments ) . 

Furthermore,  Shishkin  (195*0  showed  that,  if  we  have  a  particle  dia¬ 
meter  of  2  mu,  there  is  a  decrease  in  the  number  of  particles  due  to  the 
so-called  "Brown  coagulation";  this  decrease  amounts  to  50$  within  70  hours. 
If  we  keep  in  mind  the  theory  developed  by  Remy  (1999)  —  to  the  effect  that 
"the  extreme  size  which  the  particles  may  have  can  be  n.p:  eased  in  terms  of 
a  diameter  of  2.5  *  10-**  cm,  and  if  we  consider  information  supplied  by  the 
Drager  Company  according  to  which  the  average  of  the  nozcle-generated  drop¬ 
lets  does  not  exceed  a  diameter  of  2  •  10“^  —  then  we  can  say  that  the 
coagulation  of  the  particles  on  the  basis  of  Brown's  movement  has  no  signi¬ 
ficance  at  all. 

One  factor,  which  in  actual  practice  corresponds  to  the  effect  of  the 
drafts  in  rooms  and  corridors,  is  called  the  turbulent  coagulation  (Bolotov- 
skiy,  1961).  By  this  we  moan  a  rather  forceful  coagulation  which  is  the 
result  of  uneven  air  movemonts  and  which  car  cause  a  change  in  the  particle 
size.  This  form  of  coagulation,  however,  need  not  be  taken  into  considera¬ 
tion  in  Section  A  because  its  effect  extends  only  over  a  rather  short  intej*- 
val  of  time  during  atomization  and  because  such  uneven  air  movemonts  can  be 
avoided  if  we  proceod  cautiously  in  handling  things  in  the  chamber  or  room. 

A  collision  of  the  particles  on  the  basis  of  the  differences  in  the  drop 
velocity  can  be  ruled  out  according  to  the  commutations  of  Langmuir  (1998). 

One  /Xtromoly  important  factor  is  the  coagulation  of  tho  particlos 
on  the  basis  of  their  electrical  charge  ( Bolotovskiy,  1961).  There  is 
nothing  we  can  say  about  the  effect  of  electrical  coagulation  because  the 
electrical  charge  of  the  particles  was  not  investigated.  The  assumption 
that  we  get  unipolarity  if  we  artificially  produce  aerosols  can  just  about 
bo  ruled  out.  But  we  can  assume  with  some  degree  of  certainty  that  the 
suspended  particles  are  charged  after  a  certain  time  even  when  we  uso  arti¬ 
ficial  or  synthetic  aerosols;  they  are  charged  here  when  they  adsorb  gas 
ions  from  the  air.  The  charge  process  here  can  be  understood  as  a  process 
of  diffusion  of  the  small  ions  into  the  particle  (Kuhn,  1998),  In  this  con¬ 
nection  the  particles  take  on  a  boundary  charge  which  depends  only  to  a  very 
minor  extent  on  the  level  of  tho  original  ion  density.  If  this  were  the 
oase,  then  one  would  have  to  anticipate  a  change  in  the  particle  size. 
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Our  experiments  shoved  that  relative  humidity  haa  a  great  affect  on 
the  suspension  time  of  the  particles ,  As  a  result  of  the  experiments  we  oan 
say  that  a  high  virus  concentration  la  preserved  longest  when  the  air  hum¬ 
idity  is  lovi  this  is  due  to  the  faster  evaporation  of  the  outer  layer  of 
the  virus-containing  droplets,  that  is  to  say,  the  faster  reduction  of 
their  olrcumferenoe  and  thus  also  the  faster  reduction  of  their  sedimenta¬ 
tion  speed.  As  the  humidity  Increases,  the  speed  of  evaporation  decreases 
and  the  droplets  are  sedimented  faster. 

The  site  of  the  particles  influences  not  only  the  suspension  time 
but  is  also  critical  with  respect  to  the  places  throughout  the  respiratory 
tract  where  these  particles  are  ooposited.  According  to  Noble,  et  al  (1963) 
the  diameter  of  human- pathogenic  suspended  particles  is  between  4  mu  and 
20  mu.  The  following  data  are  available  with  respect  to  the  deposit  of  a 
polydlspersed  aerosol  in  various  parts  of  the  animal  respiratory  system 

In  rabbit  experiments  (Buckland,  et  al,  I95O ),  it  was  found  that, 
when  an  aerosol  with  a  particle  radius  of  0.5  mu  is  inhaled,  29$  of  the 
particles  are  deposited  in  tha  nasopharynx,  1>19$  are  deposited  in  the 
windpipes,  and  51-58$  are  deposited  in  the  pulmonary  alveoli.  Particles 
with  a  radius  of  2  mu  could  be  determined  in  the  nasopharynx  to  the  extent 
of  65$  and  those  with  a  radius  of  4  mu  were  found  to  the  extent  of  98$. 

Mouse  experiments  (Shoshkes,  1950)  revealed  the  following  particle 
distribution  over  the  bronchia,  the  bronchial  alveoli,  and  the  pulmonary 
aoveolii  particles  with  a  radius  of  0.2-0.62  mu  were  found  to  the  extent 
of  26$,  32$  and  42$  and  those  with  a  radius  of  1.46-1.88  mu  were  found  to 
the  extent  of  48$,  respectively,  15$. 

On  this  basis,  we  can  conclude  that  the  inhaled  particles  of  the  virus 
suspension  will  pen^  trate  all  the  more  deeply  into  the  respiratory  traet, 
the  smaller  their  circumference  happens  to  be. 


3.  Virus  Content  of  a  Droplet 

In  the  experiments  we  found  that  viruses  can  bo  established  in  an 
aerosol  with  a  higher  titer  for  a  longer  tirao  than  in  an  aerosol  with  s  lower 
titer.  If  we  want  to  determine  the  virus  content  of  a  droplet  when  we  have 
a  certain  titer,  then  we  must  first  of  all  compute  the  volume  of  a  droplet; 
this  can  be  done  with  the  help  of  the  formula  given  earlier. 


olanationt 


(a)  This  probably  has  something  to  do  with  the  "infection  multipli¬ 
city,"  that  is  to  say,  with  the  number  of  viruses  necessary  to  trigger  a 
cyto pathogenic  effect.  This  means  that,  if  we  work  with  aerosols  with  a 
high  titer,  there  must  be  a  possibility  for  a  groater  "infection  multipli¬ 
city"  than  in  the  case  of  aerosols  with  a  low  titer. 


(b)  The  probability  of  demonstrability  tends  to  decrease  over  a 
period  of  time  to  a  much  greater  extent  when  we  have  a  low  titer  than  when 
we  have  a  high  titer. 


We  might  mention  the  following  places  where  infeotious  aerosols  can 
bo  generated  and  from  which  they  might  spread  in  actual  practice, 

(a)  First  of  all  we  have  the  hospital  environment  here  where  the 
droplots  get  into  the  air  whenever  patients  or  other  virus  carriers  sneeze, 
cough,  or  talk,  Hore  the  air,  as  the  carrier  of  tho  viruses,  plays  an  inw 
portant  role  in  tho  vicious  circle  of  hospitalism  (Honneberg,  1963)#  This 
is  why  it  is  extraordinarily  important  to  eduoato  and  inform  all  persons 
involved  (among  others,  Henneborg,  1961).  The  fact  that  the  communication 
of  hepatitis,  which  currently  is  probably  the  most  frequont  disease  en¬ 
countered  under  hospitalism,  can  tako  place  also  because  droplets  separated 
by  patients  get  into  the  air  and  perhaps  come  to  adhere  to  some  of  the  rou¬ 
tine  instruments  used  in  the  hospital  (probes,  tweezers,  cathetors,  syringes, 
etc),  fully  oonfirms  Henneberg'a  attitude  toward  this  problem  also  with  re¬ 
spect  to  the  importance  of  educating  and  informing  everyone  on  this  topic. 

Finally  we  might  mention  hero  the  prevention  of  aerogerdcally  com- 
munioated  infectious  diseases  in  pediatric  clinics.  Here  it  is  very  import¬ 
ant  to  set  up  individual  cubicles  with  no  more  than  2  beds  and  to  see  to 
the  decontamination  of  the  air  in  rooms  through  UV  irradiation,  the  elimina¬ 
tion  of  any  other  communication  possibilities  such  as  door  knobs,  water 
faucets,  etc,  through  the  introduction  of  elbow-operated  or  foot-operated 
fixtures  and  devices.  In  1965,  for  instance,  1  found  out  that  the  infect¬ 
ious  disease  department  of  the  BerlirvCharlottenburg  Municipal  Children's 
Clinic  (Prof  Dr  V.'iesener,  Clinic  Director)  was  able  to  achieve  considerable 
successes  here, 

(b)  Infectious  aerosols  can  originate  in  many  ways  in  the  laborator¬ 
ies  (Albrecht,  1961).  Just  about  any  work  operation  or  activity  can  lead  to 
the  formation  of  an  aerosol  which  may  under  certain  circumstances  be  in¬ 
fectious  .  Here  the  source  of  origin  of  this  aerosol  in  most  cases  is  not 
far  from  the  nose  and  the  mouth  of  tho  persons  working  in  the  laboratory. 
This  mostly  involves  a  polydispersed  aerosol  which  can  develop  whenever 
rapidly  moved  liquids  are  suddenly  braked  very  severely  when  they  encounter 
an  obstacle  and  when  those  liquids  are  turned  into  a  form  of  spray  as  a  re¬ 
sult  of  this.  Generally,  wo  only  have  very  few  particles  with  the  kind  of 
size  that  would  cause  them  to  remain  in  suspension  even  if  the  air  wore 
calm.  The  virus- carrying  particles  become  capable  of  suspension  in  the 
following  wayj  either  the  liquid  made  up  of  larger  particles  is  quickly 
evaporated  in  the  dry  laboratory  air  or  the  viruses,  sprayed  over  the  sur¬ 
faces,  are  carried  into  the  air  after  drying,  together  with  dust  particles 
or  in  a  situation  in  which  they  stick  to  these  dust  particles  ("aijvborne,” 
respectively,  "dust-borne  infection”). 

Infectious  aerosols  can  develop  in  connection  with  the  following 
operations  in  the  laboratory: 

i.  When  we  nix  virus- containing  liquids  by  means  of  pipettes  or  when 
these  liquids  are  blown  out  of  the  pipettes,  we  get  en  aerosol  which  not 
infrequently  consists  of  numerous  droplets. 
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Z.  If  we  use  an  annealed  motal  loop  for  Inoculation  or  for  other 
handling  of  cultures,  thon  we  might  tear  the  liquid  film  in  that  loop  if  we 
move  it  rapidly  through  the  air  and  we  can  thus  infect  the  air.  Further¬ 
more,  we  can  get  aorosols  in  the  annealing  of  loops,  when  we  submerge  hot 
loops  in  liquids  or  due  to  the  vibration  of  loops,  for  Instance,  when  we 
spread  cultures  on  slides. 

3.  When  liquid  germ  or  virus  cultures  are  moved  forcofully  and 
abruptly  in  agitators,  mixers,  fermenters,  syringes,  or  as  a  result  of 
agitators  or  ultrasound  or  perhaps  in  ccntrifugos,  we  can  also  get  aerosols. 
If  the  culture  containers  are  closed  off,  then  the  aerosol  will  not  esoape 
until  the  container  is  opened. 

4.  When  we  work  with  mortars  and  similar  instruments  to  grind  up 
solid  virus  cultures  or  infected  materials  we  can  likewise  fora  an  aerosol. 

5.  There  Is  furthermore  a  possibility  that  the  microorganisms  might 
escape  into  the  surrounding  room  air  in  connection  with  the  dry- freezing 
method,  both  during  drying  as  such  and  during  the  openly  of  the  glass  ves¬ 
sels  which  are  under  a  vacuum. 

(c)  Infected  experimental  animals  in  the  animal  stable  (for  instance' 
psittacosis,  spotted  fever)  oonstitute  a  danger  source  of  the  first  order. 
The  elimination  of  the  animals  causes  the  stable  air  to  be  enriched  with 
virus-containing  droplets,  respectively,  infectious  dust  particles.  The 
animals  keep  moving  around  constantly  and  they  therefore  keop  the  dust,  in¬ 
fected  by  their  excrements,  constantly  stirred  up  and  in  motion. 

It  is  extremely  difficult  to  answer  the  question  as  to  whoth*»r  a«ro- 
ganlc  virus  communication  is  possible  in  the  open  torrrln,  for  instance, 
when  the  windows  of  a  hospital  room  are  oponed  or  when  we  air  out  laboratory 
rooms  in  which  we  work  with  infectious  materials;  likewise,  it  is  difficult 
to  say  whether  the  already  experimentally  established  anomochoria 
(Weltzien)  (aerogenous  communication  of  plant-pathogenic  fungi)  also 
applies  to  viruses.  If  we  look  at  the  conditions  under  which  viruses  are 
transmitted  in  enclosed  areas  or  rooms,  then  there  is  much  more  of  a  pro¬ 
bability  of  aerogenic  infection  as  tho  suspension  time  of  the  particles  in¬ 
creases.  The  suspension  time  again,  depends  upon  the  air  movoment,  that  is 
to  say,  if  the  air  movement  is  uniform,  the  particles  remain  suspended 
longer.  If  the  air  is  stirred  up,  then  the  aerosols  are  sedimented  faster 
and  they  are  then  converted  into  aerogels.  They  stick  to  the  surfaces  until 
they  get  back  into  the  air  the  next  tine  the  air  is  stirred  up. 

The  situation  however  is  entirely  different  in  the  open  terrain. 

Here  practically  all  air  currents  produce  eddies  which  are  caused  either 
by  boundary  layor  drift  or  by  obstacles  (houses,  rooms,  etc).  This  phenon- 
emon  accordingly  can  extensively  cancel  out  the  effect  of  the  laws  of  grav¬ 
ity  with  respect  to  a  dust  particle  in  the  atmosphere.  Of  course,  the 
altitude  of  particle  flight  can  be  practically  unlimited  here.  The  dilu¬ 
tion  of  the  concentration  of  particles,  developing  here,  increases  as  the 
flying  altitude  increases  and  we  can  therefore  assume  that  we  will  have  a 
decrease  in  the  probability  of  Infection  In  the  open  terrain.  On  the  basis 


of  these  theoretical  possibilities  we  might  say  that  the  possibility  of 
virus  communication  in  tho  open  terrain  (for  instance,  near  hospitals) 
would  seem  to  be  oxtromoly  3mall,  Of  course,  we  must  not  overlook  the  re¬ 
sistance  of  somo  virus  typos  on  f’to"'  dust  because  it  would  at  any  rate  be 
possible  that  this  property  might  promote  a  transmission  of  the  particular 
viruses  under  certain  circumstances. 

Cbmpared  to  the  study  of  tho  aorogenous  communication  of  viruses  in 
enclosed  areas,  an  investigation  of  virus  transmission  in  the  open  terrain 
would  encounter  by  far  greater  difficulties  —  to  begin  with,  in  regard  to 
tho  possibility  of  identifying  and  determining  the  presence  of  these 
viruses. 

Summary 


In  order  to  determine  the  laws  of  the  propagation  of  viruses  by 
aorosols  (dust, droplets),  experiments  on  particle  sadimontation  wore  made 
under  various  conditions  involving  particle  size,  relative  air  humidity, 
and  air  temperature.  As  model  viruses  we  used  T1  bacteriophages  boeauee 
the  demons trabdlity  ia  rather  easily  achieved  ^here  and  we  used/vaccine 
viruses  beoaw  thaa*  ara  particularly  interesting  under  our  conditions. 

A  number  of  methods  had  to  be  tested  in  order  to  establish  the  presenoe  of 
viruses  in  the  air.  It  was  possible  to  identify  viruses,  which  were  sedi¬ 
mented  with  dust  or  droplets,  up  to  >-1/2  hours.  Conclusions  as  to  the 
propagation  of  viruses  are  drawn  on  the  basis  of  tho  experimental  results. 
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